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Abstract
Density functional theory (DFT) calculations are used to investigate the electronic and magnetic
structures of a two-dimensional (2D) monolayer Li2N. It is shown that bulk Li3N is a non-magnetic
semiconductor. The non-spinpolarized DFT calculations show that p electrons of N in 2D Li2N
form a narrow band at the Fermi energy EF due to a low coordination number, and the density
of states at the Fermi energy (g(EF)) is increased as compared with bulk Li3N. The large g(EF)
shows instability towards magnetism in Stoner’s mean field model. The spin-polarized calculations
reveal that 2D Li2N is magnetic without intrinsic or impurity defects. The magnetic moment of
1.0µB in 2D Li2N is mainly contributed by the pz electrons of N, and the band structure shows
half-metallic behavior. Dynamic instability in planar Li2N monolayer is observed, but a buckled
Li2N monolayer is found to be dynamically stable. The ferromagnetic (FM) and antiferromagnetic
(AFM) coupling between the N atoms is also investigated to access the exchange field strength.
We found that planar (buckled) 2D Li2N is a ferromagnetic material with Curie temperature Tc of
161 (572) K.
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I. INTRODUCTION
Currently, huge research efforts are undertaken to explore new 2D materials for a wide
range of applications.1–5 It is well known from semiconductor physics that reduced dimen-
sionality not only affects the electronic structure6 and the electronic density of states (DOS)
near the Fermi energy, but also the electronic dispersion relations.7 This effect of the di-
mensionality is particularly strong in 2D materials which, by definition, consist of a sheet
only few atomic layers in thickness. Due to quantum confinement, the electronic bands in
the remaining two in-plane directions can display metallic, insulating, or semiconducting
behavior even at variance with the behavior in the 3D bulk compound from which they were
derived.8–15 In some cases, 2D materials have very unique electronic properties, i.e., Dirac
cones in graphene, silicene, etc.8,16 There are also 2D magnetic materials, e.g. transition
metal nitrides, where magnetism is due to d electrons.17,18 Recently, magnetism has been
predicted19 and confirmed experimentally in a 2D compound of chromium20. In contrast,
our present theoretical work predicts the possibility of 2D magnetism even in the absence
of d electrons.
In this paper, we propose 2D materials for applications in the area of spintronics. For this
purpose, the material must have a large spin polarization at the Fermi energy. To date, most
of the discovered 2D materials are non-magnetic. There have been suggestions to make them
magnetic either through intrinsic defects or impurity atoms. However, due to the typically
large formation energies of defects, this route appears to be experimentally difficult to pursue.
Moreover, even if magnetism is experimentally observed, its origin may remain questionable
due to the formation of impurity clusters in the host material that mimic a magnetic signal
even in the absence of homogeneous sample magnetization. As a way out, we propose to
search for alternative 2D materials which show magnetic properties even in the absence
of intrinsic defects or impurities. Therefore, we carried out an extensive computational
search using density functional theory (DFT) calculations among elemental 2D materials,
e.g. graphene, silicene, germanene, phosphorene, stanene, and 2D materials derived from
layered bulk compounds, such as MoS2, MoSe2, InS, InSe, GaS, and GaSe.
9,23 However, none
of them showed any signature of magnetism in their ground states. The material in focus
of this study, Li2N, is the only material we found that possesses spontaneous magnetism
without defects.
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With the knowledge gained during this study, a guiding principle for the search of mag-
netic 2D materials can be derived from the general relationship between magnetism and
electronic structure that can be extended to future work in the field. The magnetic ex-
change interaction, which is crucial for stabilizing a magnetic ground state, is maximum
for electrons in atomic orbitals free of radial nodes, such as the atomic 2p, 3d, 4f orbitals.
Keeping the well-known 2D materials in mind, this criterion makes it particularly attractive
to search within compounds from the first row of the periodic table, such as carbides and
nitrides, that have partially occupied 2p orbitals. Generally in a 2D material, the coordina-
tion number of atoms is reduced and/or the electronic wavefunctions are more confined than
in the 3D bulk. Both effects lead to narrower features in the electronic density of states as
compared to bulk. For p-electron systems, the main focus of the present work, the density
of states near the Fermi energy EF will be dominated by p bands. In a simple tight-binding
picture it can be shown that the bandwidth Wp is proportional to the square root of the
coordination number. Hence, the bands in a 2D material are generally expected to be nar-
rower than the corresponding bands in 3D bulk. If we assume for the sake of simplicity
that EF is located in the band centre, the DOS at the Fermi energy (g(EF)) scales inversely
with the band width, g(EF) ∼ 1/W . Thus it is expected that gp(EF) ∼ 1/Wp. Within the
Stoner model of itinerant magnetism, the occurrence of ferromagnetism is expected when
the condition I g(EF) > 1 is satisfied
21, where I is the exchange integral. Therefore, a
large non-magnetic DOS at the Fermi energy and a big I favor ferromagnetism. Hence, our
main aim is to search for 2D materials with a narrow band and large g(EF), resulting in
magnetism within the framework of the Stoner model without the need to introduce any
impurity atoms. Similar conclusions can be reached also on the basis of the Mott-Hubbard
model in case of strongly correlated systems. The reduced coordination number in a 2D
lattice implies that the electrons have less opportunity to hop from site to site in the lattice.
The kinetic energy of the electrons, and hence the electronic band width W , will be re-
duced. It is expected that the ratio of W and Coulomb interaction U between the electrons
on a given site, U/W , moves toward higher Coulomb interactions in reduced dimensionality.
Thus, electron correlation becomes more important and, dependent on the band occupation,
the tendencies towards the appearance of magnetism or a Mott transition are enhanced.22
The DFT results we obtained for a specific material, Li2N, corroborate the above general
considerations. We stress that Li2N can be logically derived from its bulk parent compound,
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Li3N, in a similar way as graphene, MoS2, etc. can be derived from their corresponding bulk
materials. Li3N is a superionic conductor with several interesting properties and potentials
for uses24–27. In the past, bulk Li3N was considered to be a host for ferromagnetism induced
by transition metals, i.e., Fe, Co.28–30 Li3N crystallizes in a hexagonal structure, α-Li3N,
with four ions per unit cell at ambient conditions at equilibrium pressure (Fig. 1). This
layered structure consists of Li2N layers, widely separated by a pure Li layer which occupies
a site between the nitrogen atoms in adjacent layers24. In the Li2N layers each N (0, 0,
0) is at the centre of a regular hexagon formed by the six neighbouring Li ions (1/3, 2/3,
0) and (2/3, 1/3, 0) in units of lattice vectors. The unit-cell dimensions are a = 3.648 A˚
and c = 3.875 A˚ with the symmetry point group of D16h (space group P6/mmm)31. It is
clear to see that the hexagonal network of Li and N atoms in Li2N layer is very similar to
graphene and related 2D materials.
II. METHOD OF COMPUTATION
We performed calculations in the framework of density functional theory (DFT) 32 us-
ing linear combination of atomic orbitals (LCAO) as implemented in the SIESTA code 33.
A plane-wave based code QUANTUM ESPRESSO34 was also used. The local density ap-
proximation (LDA)35,36 and generalized gradient approximation (GGA)37 were adopted for
describing the exchange-correlation interactions. A cutoff energy of 200 Ry for the real-space
grid was adopted in the SIESTA code whereas the wave functions have been expanded into
a plane wave basis set with the energy cutoff of 70 Ry. For the Brillouin zone sampling of
the bulk (2D) material, a 20 × 20 × 20 (20 × 20 × 1) k-points grid Monckhorst-Pack grid
was used in the electronic structure calculations. For 2D-Li2N a vacuum slab of 15 A˚ is
used in the direction normal to the plane of Li2N monolayer. We considered both the planar
and buckled Li2N monolayers. The planar Li2N monolayer data is presented and we will
compare it with the buckled Li2N monolayer where necessary.
III. RESULTS AND DISCUSSION
Using the experimental c/a (1.062), our calculated lattice parameter a of bulk Li3N is
3.64A˚, which is in agreement with the previous work.31,38 The calculated band structure of
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bulk Li3N is shown in Fig. 2(a). The calculated direct bandgap (Γ-Γ) of bulk Li3N is ∼ 2.0
eV, whereas the experimental value is 2.2 eV.39 We also observed that the bandgap of bulk
Li3N changes with the lattice constant. A non-interacting isolated flat band around 12eV
below the Fermi energy can be seen in Fig. 2(a). To probe further the atomic contribution
of orbitals, the total and atomic projected density of states of bulk Li3N are also calculated
[see Fig. 3(a)]. The valance band is mostly dominated by the p-orbitals of N and the
isolated band at 12 eV is contributed by the N-2s electrons. The ionic nature of Li3N is
also visible in the charge density contours, which are shown in Fig. 4(a). The charge is
concentrated around the nitrogen atoms with a radial symmetric distribution and charge
density is nearly spherical around the N atoms. There is also a small but finite valence
density in the neighborhood of the Li atoms which develops a triangular shape in LiN layer
as one moves away from Li core.
To search for spin density, we re-calculated the band structure, charge density of bulk
Li3N using the spin-polarized DFT calculations (using both the SIESTA and QE codes),
but no sign of magnetism was observed. However, we observed a magnetic moment when
Li vacancy in bulk Li3N was created using large supercells, e.g., 2 × 2 × 2, consistent with
the previous work.40 However, the calculated formation energy of Li vacancy in bulk Li3N
is large (3.30 eV). Motivated by the successful exfoliation of graphite that gives graphene,
we suggest one layer of Li2N could be peeled off from the bulk Li3N by exfoliation or some
other means, e.g. by intercalation or sputtering. We calculated the lattice constant a using
both the magnetic (spin-polarized) and non-magnetic (non-spinpolarized) calculations. The
calculated total energy vs lattice constant showed that the spin-polarization slightly expands
the lattice constant by 0.04A˚ –similar to other ferromagnets.41,42 We observed that the mag-
netic monolayer of Li2N has lower energy than the non-magnetic monolayer of Li2N. The
magnetic behavior is also confirmed using the GGA and QE code The buckling parameter,
which is the height z from the N atoms, is found to be ∼ 0.57A˚. The calculated binding
energy also shows that the buckled Li2N is more stable than the planar Li2N by 0.27 eV
The lift-off of Li2N from the bulk Li3N will not only change the chemistry but also
the coordination number of nitrogen. Note that N is surrounded by eight Li ions in bulk
Li3N, but it is surrounded by six Li ions in monolayer of Li2N. Due to ionic nature of bulk
Li3N, no uncompensated spins are present for magnetism. However, when Li2N is lifted-
off, the oxidation state of N is changed from N3− to N2− based on the charge neutrality
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condition, and following the Hund’s rules an uncompensated spin is expected that will lead
to local magnetic moments in Li2N. We calculated the band structure of Li2N in the non-
spinpolarized (non-magnetic NM) case [see Fig. 2(b)], and it is interesting to see that the
band becomes narrower (as expected from the discussion in the introduction). Some of the
N-p states are partially occupied. We also calculated the DOS of Li2N in the NM state
as shown in Fig. 3(b). One can clearly see large density of states at the Fermi energy
(g(EF) ∼ 1.50 states/eV) consistent with our speculation that reduced coordination number
will increase the electronic states at the Fermi energy and will fulfil the Stoner condition for
ferromagnetism. Our detailed analysis shows that these are the N-p orbitals that increase the
DOS at the Fermi energy, the N-s orbitals are completely occupied. Note that the formation
of a narrow band at the Fermi energy in Li2N is different from other 2D materials
1–5,43 mainly
due to the pz-orbitals of N forming pi bonds.
We further considered the spin-polarized (magnetic) band structure of Li2N as shown
in Fig. 2(c). Large spin-polarization deep in the valance band and near the Fermi energy
can be seen. An exchange splitting of about 1.2 eV deep in the valance band is visible.
The spin-down (minority) band is wider than the spin-up (majority) band. The bands are
fully spin-polarized, where one spin (spin-up) behaves as an insulating whereas the other
spin (spin-down) is showing metallic behavior, and such a spin-polarized band structure is
important for spintronic devices. The half-metallic band structure of Li2N is similar to other
d0-electron systems, e.g functionalized silicenes.44,45 To gain further insight into the origin of
magnetism and spin polarization, the total and atom-projected density of states of Li2N are
shown in Fig. 3(c). One can easily judge that the spin-polarization is mainly caused by the
N-p orbitals which are completely occupied in the majority spin states and partially occupied
in the minority spin states giving a metallic behavior, and hence half-metallic band structure.
The exchange splitting I of the N-p orbitals near the Fermi energy is about 1.70 eV, and
hence Ig(EF) > 1 is satisfied. The band width of the spin-up (spin-down) band is about 2.0
(3.0) eV. The N-p and Li-s orbitals hybridization near the Fermi energy can be seen. As
the N-p orbitals consist of px, py, pz, it is interesting to see how these orbitals are polarized
and contribute to magnetism in Li2N. In the inset of Fig. 3(c), the px/py orbitals are mostly
occupied in both the spin-states, however, the N-pz orbitals are completely occupied in the
spin-up states and nearly empty in the spin-down states. Therefore, the local magnetic
moment of N in Li2N is mainly contributed by the pz orbitals, which is also confirmed by
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our detailed analysis of Mulliken orbital populations. Note that the total magnetic moment
of 2D-Li2N is 1.0µB per unit cell. To further confirm whether the magnetism of 2D-Li2N
is affected by quantum many-body effects, we carried out additional test calculations using
G0W0 approximation as implemented in the Yambo code.
47 The band structure of Li2N
calculated with G0W0 also shows half-metallic ferromagnetism. The buckled Li2N retains
its ferromagnetic ground state structure and has 1.0µB magnetic moment per unit cell.
Having addressed the atomic origin of magnetism, next we investigate the stability of
magnetic state against changes of the magnetic moments. Fig. 3(d) shows the scan of total
energy calculated at different magnetic moments E(m). Clearly, magnetic Li2N with mag-
netic moment of 1.0µB has lower energy (0.16 eV) than the non-magnetic state, and hence
spontaneous magnetism is expected in Li2N without any impurities. Note that magnetism
in Li2N is confirmed using both LSDA and GGA with the QE code. From the Stoner model
we were able to predict magnetism in the Li2N monolayer and the local magnetic moments
carried by the N atoms. To see how these magnetic moments couple with each other and
to estimate the strength of magnetic coupling J , the ferromagnetic (FM) and antiferromag-
netic (AFM) coupling between the N atoms in the Li2N is investigated by considering a
2 × 2 × 1 supercell [see Fig. 1(b)]. We found that FM state is more stable than the AFM
state by ∆E = EAFM − EFM = 30.5 meV/unit cell, where EAFM(EFM) is the total energy
per supercell in the AFM (FM) state. Note that ∆E = 108 meV for buckled Li2N. To
estimate the Curie temperature Tc, we map the energetics of 2D Li2N onto an Ising model
Hamiltonian on a triangular lattice with nearest neighbor interactions between the magnetic
spins [see Fig. 1(b)]. The Ising Hamiltonian Hˆ = −
∑
i,j
JSiSj , where Si,j represents Ising
(±1) spin on lattice sites and J is the exchange coupling parameter that gives the nearest
neighbor interaction. We estimated J as J = ∆E/848, which is 3.81 (13.5) meV for planar
(buckled) Li2N. The analytic solution of the 2D Ising model on a triangular lattice gives
kBTc/J = 3.65.
49 Thus our DFT estimated Tc is about 161 (572) K for planar (buckled)
Li2N, and therefore ferromagnetism in Li2N monolayer is expected. Hence, buckling in Li2N
enhances ferromagnetism. The Li spin density contours in the FM and AFM states are
shown in Fig. 4(b,c) and the spin density is mostly localized around the N atoms and no
spin-polarization at the Li site is visible. The spin density has pz-like character and the N
atoms are interacting directly, favouring FM coupling over AFM coupling. The electronic
structure of AFM Li2N revealed (not shown here) metallic behavior and this metallicity
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destabilizes the AFM phase, and half-metallic FM Li2N becomes the ground state of Li2N.
Before we summarize our DFT calculated results, it will be necessary to consider the
dynamical stability, which can be addressed through phonon dispersion curve. We calculated
the phonon dispersion curve of a planar 2D-Li2N (not shown here) and we found imaginary
frequencies at the Γ, K and M-points in the BZ, and such imaginary frequencies indicate
the lattice instability in Li2N. Note that similar imaginary frequency is also observed in
a planar silicene and germanene.50 Interestingly the lattice instability is removed in the
buckled Li2N. Fig. 3(e) shows the calculated phonon dispersion curve of buckled Li2N, and it
is clearly showing that the buckled Li2N is dynamically stable, and no imaginary frequency
can be seen. Therefore, we can conclude that buckling not only stabilizes Li2N but also
increases the Tc. Further experimental work would be needed to confirm our computational
predictions.
IV. SUMMARY
To summarize, we used DFT calculations to propose a new 2D magnetic material Li2N.
The electronic structure of bulk Li3N is also investigated and we observed that bulk Li3N is
a nonmagnetic semiconductor. However, the monolayer Li2N showed interesting signature
in the electronic density of states. The density of states at the Fermi energy in 2D Li2N was
increased in the non-magnetic calculations. The large density of states was discussed in terms
of low coordination number. The narrow band at the Fermi energy gave an indication of
possible magnetism in Stoner’s mean field model. The spinpolarized (magnetic) calculations
showed that 2D Li2N is magnetic without any defects – this fact is confirmed by using both
the SIESTA and QE codes using LSDA and GGA. The electronic band structure of 2D Li2N
was observed to be a half-metal. The DFT calculated magnetic moment of Li2N was found
to be 1.0 µB per unit cell. The projected density of states showed that the local magnetic
moments in Li2N are contributed by the N-p orbitals. In contrast to planar Li2N, buckled
Li2N is also dynamically stable, as evidence by its phonon modes. Finally, to estimate
the Curie temperature Tc of our new proposed material Li2N, we also considered the FM
and AFM coupling between the N atoms both in the planar and buckled Li2N. The DFT
computed data was used in the Ising model, and we showed that the Tc of planar (buckled)
Li2N is about 161 (572) K.
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FIG. 1: (Color online) Crystal structure of bulk Li3N (2 × 2 × 2) (a) and 2D Li2N (4 × 4 × 1)
(b). Red and green balls represent Li and N atoms, respectively whereas the yellow balls show
the Li atoms connecting the Li2N layers. Solid blue lines represent the unit cell used in the non-
spinpolarized/spin-polarized calculations, whereas the dashed blue lines show the unit cell used
for FM and AFM calculations. Black arrows indicate the direction of the magnetic moments of N
atoms.
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FIG. 2: (Color online) Calculated band structure of (a) bulk Li3N, (b) 2D-Li2N nonspin-polarized,
and (c) 2D-Li2N spin-polarized. The (solid) dashed lines represent the spin-up (spin-down) states.
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FIG. 3: (Color online) Calculated total and partial density of states (DOS) of (a) bulk Li3N, (b)
2D-Li2N nonspin-polarized, and (c) 2D-Li2N spin-polarized. The black (solid), red (dashed), and
blue (dotted) lines represent the total and PDOS of N-p, and Li-s, respectively. Positive and
negative PDOS values in (c) indicate spin-up and spin-down states. Inset in (c) represents the px
(solid red) and pz (solid green) orbitals of N. In the inset the vertical line also show the Fermi
energy. The calculated total energy (eV) vs magnetic moment MM (µB) is shown in (d). The
phonon dispersion curve of buckled 2D-Li2N is shown in (e).
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FIG. 4: (Color online) (a) The valence electron charge density for Li2N in the (0001) plane. The
valence electron charge density in the (0001) plane. The contours in the panel is logarithmically
spaced. Spin density contours (ρ↑ − ρ↓) for ferromagnetic (b) and antiferromagnetic (c) coupling
of N atoms in 2D Li2N. Blue (red) colors show positive (negative) spin-polarization. The positive
(negative) polarization is represented by spin-up (spin-down) arrows.
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